were inserted into the epidural space of the cervical and/or upper thoracic vertebrae before surgery. The subjects were placed in the lateral position and 18-gauge Touhy needles were inserted into the epidural space at the upper thoracic level. Each electrode was inserted with a stylet through the Touhy needles and advanced to the appropriate position under X-ray control. The Touhy needles were then removed and the electrodes fixed with adhesive tape on the skin. The response was recorded monopolarly from the electrodes, with the reference electrodes placed at the paravertebral muscles, in response to stimulation of the motor cortex exposed during surgery. The scalp of the forehead was grounded.
In experimental animals, it has repeatedly been demonstrated that a corticospinal direct (D) response to stimulation of the motor cortex can be recorded from the lateral column of the spinal cord or the spinal epidural space.' The corticospinal D response is recorded only when the motor cortex is stimulated.'`4 Furthermore, unlike muscle responses to motor cortex stimulation, the corticospinal D response is resistant to surgical doses of anaesthetics' and is unaffected by muscle relaxants. Thus, recordings of the corticospinal D response during intracranial surgery in humans would be of value for identifying the location of the motor cortex and thereby reducing neurological complications resulting from unnecessary damage to the motor cortex. It has recently been reported that the corticospinal D response can be recorded in humans5 -7 to transcranial stimulation of the brain through the intact scalp.8- 16 We summarise here our experience with recordings of the corticospinal D response to stimulation of the exposed motor cortex in humans during intracranial surgery.
Methods
The data analysed were obtained from 20 patients who showed no motor deficits before surgery. Recordings of the corticospinal D response were performed in these patients for the purpose of identifying the motor cortex and protecting it from possible surgical damage. All patients gave informed consent for intraoperative recording of the corticospinal D response. A pair of flexible, platinum wire electrodes insulated except at their tip (Medtronic Co. M-8483; fig 1) were inserted into the epidural space of the cervical and/or upper thoracic vertebrae before surgery. The subjects were placed in the lateral position and 18-gauge Touhy needles were inserted into the epidural space at the upper thoracic level. Each electrode was inserted with a stylet through the Touhy needles and advanced to the appropriate position under X-ray control. The Touhy needles were then removed and the electrodes fixed with adhesive tape on the skin. The response was recorded monopolarly from the electrodes, with the reference electrodes placed at the paravertebral muscles, in response to stimulation of the motor cortex exposed during surgery. The scalp of the forehead was grounded.
During intracranial surgery, the motor cortex and other cortical areas were directly stimulated with multicontact plate electrodes (Medtronic Co. M-3586). The location of the motor cortex, however, could not be precisely defined by any methods other than recordings of the corticospinal D response under general anaesthesia. Thus, in the present study, attention was focused on whether the D response was elicited from stimulation of clearly restricted areas of the cortex, as is the D response in experimental animals; whether such areas roughly corresponded to the location of the motor cortex estimated from bone landmarks by means of a method usually employed for intracranial surgery; and whether surgical damage to an area from which the D response was obtained caused motor deficits. The four electrodes were 5 mm in diameter and spaced 5 mm apart. These electrodes were designated 0, 1, 2 and 3, respectively, beginning arbitrarily from one end to the other. The response was Corticospinal direct response in humans evoked by monopolar stimulation using one of these electrodes or bipolar stimulation with various pairs of electrodes. Thus, the interpolar distance for bipolar stimulation varied from 10 6) . In three patients in whom surgical damage was caused to the areas delineated in this way, apparent motor deficits resulted after surgery. In contrast, remaining patients in whom surgical damage to these areas was avoided did not show apparent motor deficits.
The P1-NI response was recorded independently of the depth of anaesthesia, and was relatively resistant to the physical condition of the motor cortex. Several negative waves (N2, N3 and N4) were sometimes seen with a high stimulation intensity following the initial P1-NI response (fig 3a) , but these later responses were vulnerable to changes in the physical condition of the cortex and the depth of anaesthesia. The later responses were dependent also on the modality of stimulation.
In three cases, the corticospinal responses to stimulation with electrodes placed in the cranial epidural space overlying the motor cortex were recorded after surgery without anaesthesia and muscle relaxants. In such recordings, the initial P1-N1 response followed by several negative waves and large muscle responses originating from the reference electrode placed in the paravertebral muscles were observed (fig 7) . Progressive administration of thiopental (50-250 mg, IV) clearly attenuated the later waves (N2, N3 and N4), as well as the muscle responses (fig 7a and b) . In contrast, the initial Pl-N1 response showed only slight depression in amplitude (fig 7a and b) Because of the dispersion of the response at lower levels of the spinal cord, the conduction velocity estimated in the present study from peak latency must be little lower than the maximal conduction velocity estimated from the onset latency of the response. However, this difference appears to be minimal at the cer- Thiopental w1as progressively administered (50-250mg, IV. In order to identify the location of the motor cortex with the D response, monopolar stimulation with anodal current is apparently preferable. A large number of investigations in experimental animals have indicated that anodal current, rather than cathodal current, more easily activates deeply located initial segments or axons of corticospinal neurons from which the D response initiates.4 However, monopolar stimulation during intracranial surgery appears to be associated with considerable changes in impedance of current pathways related to various surgical procedures, which result in unstable recordings and sometimes uncontrollable artifacts. In contrast, bipolar stimulation provides constant responses without large artifacts. It is very difficult to obtain clear responses with bipolar stimulation with interpolar distance of less than 10 mm in humans. Similar observation has been made in experimental animals. It has been argued that bipolar stimulation with such a short interpolar distance produces a current which spreads tangentially, and preferentially activates superficially located neural elements. 4 In contrast, responses obtained with bioplar stimulation with interpolar distance of more than 1Omm may be considered to be the sum of responses to monopolar stimulation with anodal and cathodal currents.4 Furthermore, the present study did show that the focus giving the corticospinal D response with an interpolar distance of 10mm for stimulation is restricted to the hand, trunk and thigh areas of the motor cortex (see fig 6b) .2425 Even with an interpolar distance of 30 mm for stimulation, the corticospinal D response is recorded only when at least one pole is placed precisely on or very close to these areas. Thus, an interpolar distance of 10-30 mm for stimulation appears to provide practically useful information concerning the location of the motor cortex.
The motor cortex may be displaced in cases with intracranial space-taking lesions. The functioning motor cortex may be displaced also in cases with arteriovenous malformations which involve the motor cortex. Use of this technique during intracranial surgery should, therefore, help to reduce neurological complications resulting from unnecessary damage to the motor cortex in such cases.
